~

~

1ey

Copy - v
RM E50D07
SN |
SN =i}
- ==
- g6 — ==
—n
39 =2k
8 e
ket ——R
3 = - =3 ke
= = =:zF
_| RESEARCH MEMORANDUM
35
7o
\J .
FPREE-FLIGHT PERFORMANCE OF 16-INCE-DIAMETER SUPERSONIC
RAM-JET UNITS
I - FOUR UNITS DESIGNED FOR COMBUSTION-CHAMBER~INLET
I MACH NUMBER OF 0.245 AT FREE-STREAM MACH NUMBER
OF 1.8 (UNITS D-1, D-2, D-3, AND D-4)
By John H. Disher and Leonard Rabinowitz
Lewis Flight Propulsion Laboratory
Cleveland, Ohio
: FOR AERONAUTICS
i WASHINGTON
June 28, 1950

N2 7 /7 B o | e o dl



&

CH LIBRARY KAFB, NM

i

{

|
: 1] 20
NACA RM E50DO7 AN

NATTONAT, ADVISORY COMMITTEE FOR AERONAUTTICS
RESEARCH MEMORANDUM

FREE-FLIGET PERFORMANCE OF 16-INCH-DIAMETER SUPERSONIC
RAM-JET UNITS
IIT - FOUR UNITS DESIGNED FOR COMBUSTION-CHAMBER-INLET
MACE NUMBER OF 0.245 AT FREE-STREAM MACE NUMBER
OF 1.8 (UNITS D-1, D-2, D-3, AND D-4)

By Jobn H. Disher and Ieonard Rebinowltz

SUMMARY

An investligation of a geries of l6-inch-diameter supersonlc
ram-jet unite has been conducted In free flight. Supersconic flight
gpeeds were obtained by releasing the units from an alrplane at
high altitude and allowing the engine thrust and the force of grav-
ity to accelerate the unit. Data for evaluating the performance
were obtalned by use of radio-telemetering and radar-tracking
equlpnment.

Performance data are presented for four Individual ram-jet
units over & range of Pree-gtream Mach numbers from 0.45 to 1.78
and gas total-temperature ratios between 1.0 and 6.1. A maximm
combustion efficiency of 88 percent was observed at a fuel-alr
ratio of 0.04 and combustion-chamber-inlet pressure, temperature,
and veloclty of 6000 pounds per square footb, 750° R, and 308 feet
per second, respectively. Combustion blow-out wae observed at the
lean fuel-air ratios of 0.032 and 0.04 under some conditions, and
rough explosive burning followed by rich blow-out was obgerved at
fuel-air ratlos of approximately 0.058 and 0.075 for one unit.

At a free-stream Mach number of 1,70 and & gas tobtal-temperature
ratio of 4.0, a diffuser total-pressure recovery of approximately
0.89 was sustained; the corresponding thrust coefficlent was approx-
imately 0.79. The maximum net acceleration (excluding gravity) of
5.13 g's was attained at a free-stream Mach number of 1.77. The
minimum externsl drag coefficient varied from approximately 0.10

at free-stream Mach numbers of 0.65 to 0.S0 to epproximately 0.36
at a free-stream Mach number of 1l.23.
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INTRODUCTION

The NACA Iewls laboratory is conducting a free-flight inves-
tigation of the performance of a series of l6-inch-diameter ram-
Jot unite near the NACA Langley laboratory. The units are released
from an alrplane at high altitude and accelerated to supersonic
velocitles by the force of gravity and the engine thrust.

The investligation provides performance data at subsonic and
supersonic veloclties for a full-scale engine operating under
actual flight conditions. Data are obtained at dlfferent values
of fuel-alr ratio by presetting the fuel regulator. Continuous
data records are obtalned by radio-telemetering and radar-tracking
equipment throughout the flight.

In order to cover a range of combustion-chamber~inlet veloc-
ities, four ram-jet designs of varying inlet and outlet dlameters
(designated 16-A, 16-B, 18-C, and 16-D) are used. Data obtained
with the first ram-jet unit investigated (16-A-1) are discussed
in reference 1. Data for the succeeding four A-type units and
five B-type units are presented in references 2 and 3, respectively.
Data obtalned with four D-type units are presented hersein. Time
histories of the performence are presented for altitudes from
35,000 feet to sea level and free-stream Mach numbers from 0.49 to
1, 78. Effects of free-stream Mach number and gas total-temperature
ratio on diffuser total-pressure recovery, thrust coefflclent, and
external drag coefficlent are included as well as effects of fuel-
alir ratio and combustion-chamber-inlet pressure, temperature, and
velocity on combustion efficlency and combustion stability.

A complete description of apparatus, lnstrumentation, pro-
cedure, and method of calculation 1s glven in reference 2. A brief
description of the four D-type units 1s presented hereln.

APPARATUS

The four units lnvestlgated are designeted 16-D-1, l8~D-2,
16-D-3, and 16-D-4. Model D was deslgned for a combustion-chamber-
inlet velocity of 340 Peet per second (Mach number 0.245) at a
free-gtream Mach number of 1.8 and a gas total-temperature ratio
of 3.45. This heat eddition would result from operation at a fuel~-
air ratio of 0,05 and a combustion efficlency of 60 percent at an
altitude of 5000 feet. The diffuser 1s a single oblique-shock type
with no internal contraction. The islend dimensions are the same
as for models A and B and the 1lip of the outer shell 1s located ‘o
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intercept the oblique shock at a free~stream Mach number of 1.80
with the normal shock at the inlet. One of the units ingtalled

on an alrplane is shown In figure 1. A schematic cross-sectional
diagram with dimensions for model D is shown in figure 2, Unit D-4

was 8% inches longer than the other D units because the diffuser

section was lengthened to provide additonal Puel-storage volume in
the 1sland.

The fuel system (fig. 3) utilizes helium stored under a pres-
sure of approximately 3500 pounds per square inch to expel the fuel

from & synthetic-rubber fuel cell with e capacity of 8% gallons for

units D=1, D-2, and D=3, and 10 gallons for unit D-4. The fuel Fflow
is controlled by regulating the hellium pressure proportional to
free-stream total pressure. Three spring-loasded reducing valves
were used in the fuel system of units D=1 and D-2 and four reducing
valves were used in units D=3 and D-4, The reducing valves open at
successively higher pressures and each valve 1s ccnnected to a sep-
arate set of fuel nozzles. This arrangement permits the use of high
fuel pressures at low fuel-flow rates. The fuel used throughout

the investigation was 73-octane gasoline (AN-F-23a).

A reke-type flame holder with seven magnesium flares (fig. 4)
was used in all four units.

RESULTS AND DISCUSSION

A comparison of the free-stream Mach numbers attained by the
four ram~Jet units 1s shown in figure 5. The fuel cell for unit D-1
failed soon after release, and a terminal free-stream Mach number
of only 0.79 was reached during the flight. Units D-2 and D-3,
which were launched at approximately the same free-stream Mach nume
ber end altitude (0.50 and 28,000 fit), attained free-stream Mach
nurbers of 1l.73 and 1.78 and maximm net accelerations (exclusive
of gravity) of 3.7 and 5.13 g's, respectively. Unit D=4 was
launched from an altitude of 35,000 feet at a free-stream Mach num-
ber of 0.54 and reached a maximum free-stream Mach number of l.2l.

Time histories of the performance of the ram-Jjet units are pre~
gented in figures 6 to 8., In general, these figures have been
arranged in groups thet describe resultant flight conditlions, inde-
pendent test variables, diffuser conditlons, cambustion-chamber-
inlet variables, and performance varilebles. The dashed lines repre-
sent approximste values; such approximations were made wherever
vibratory telemeter records prevented exact readings.
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Units D-2 and D-3 encountered lean combustion stability 1imité,
whereas rich stabllity limits were observed for unit D-4. Combusg-
tlon blow-outs cccurred under the following ¢ondlticomns:

Unit| Time |Fuel-alr |Combustion-|Combustion- | Combustion=-
after | ratio, -| chamber- chamber- chamber-
release| Wp/W, inlet inlet inlet
(sec) static gtatic veloclty,
pressure, |temperature, Va
Py Ty (£t /sec)
(1b/sg £t) (°R)
D=2} 14.5 | 0.04 950 480 200
D-2| " 21.8 .041 1150 503 230
D-2| 37.2 .032 6600 780 370
b-3| 40.2 | 0.032 9400 805 350
D-4| 41.1 | 0.,0582 - 3000 625 3208
D-4| 50.7 .0752 3800 650 —-——

8ppproximate values

The final blow-out of unit D-2 at 37.2 seconds occurred at an alti-

tude of 5600 feet; instantly the unilt sterted to "tumble" in the air .

and the telemeter transmitter falled. No explosion was visible

and apparently the tumbling was caused by failure of the stabilizing
fins. The single blow-out of unit D-3 at 40.2 seconds occurred at
an altitude of 900 feet. Photographic records indlcated that this
blow-out produced & detonation that caused destruction of the unit.
In additlon to the factors tabulated, the fuel distribution and the
atomlzation would be expeocted to have a considerable effect on com-
bustion stabillty, particularly at low combustlion-chamber pressures
and temperatures. The difference In fuel-nozzle arrangement with
units D-2 and D~3 apparently contributed to differences ln combusg-
tlon stabllity at combustion-chamber pressures below approximately
1500 pounds per square foot. Unlt D=3 operated at fuel-air ratios
as low as 0.02 at these combustion-chamber pressures, although with
very low efficlency (fig. 8(d)); whereas unit D-2 blew out at fuel-
air ratios of 0.04 and 0,04) and combustion-chamber preassures of
950 and 1150 pounds per squere foot (figs. 7(d), 7(e), and preceding
table). A comparison of the combustion efficlency and the primary
variables affecting efficiency for units D-2 and D-3 1ls shown in
figure 10. Combustion-chamber pressure was chosen for the abscissa
because this quantity had the greatest variestion during the flights.
Peak combustion efficlencies of 88 and 78 percent were observed for
units D-2 and D-3, respectively, at a fuel-air ratlo of 0.04 and
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combustlion-chamber-inlet pressures, temperatures, and velocities of
6000 and 8800 pounds per square foot, 750° and 780° R, and 308 and
306 feet per second, respectively.

Tn order to determine the performance of the D unit at higher
fuel-air ratios, the fuel system of the unit D-4 was set to provide
higher fuel flow than unlts D-1, D=2, and D=3, and the fuel tank
was enlarged to a capaclty of 10 gallons. The launching altitude
of 35,000 feet provided such low combustion-chamber pressures and
‘temperatures (approximately 500 1b/sq £t and 425° R) that combustion
was not sustalned during the first 29 seconds after release even
though a fuel-air ratio of epproximately 0,05 to 0.042 was mein-
tained (figs. 9(&) and 9(e)). At 29 seconds when a ccmbustion-
chamber-inlet preasure of 1100 pounds per sgquare foot was reached,
ignition occurred. Smooth, steady combustlon occurred until
39.8 seconds, when & low amplitude vibration of approximetely
50 cycles per second sterted; the amplitude of vibration increased
untll approximately 41.1 seconds when blow-out occurred. The fuel-
alr ratio was eapproximately 0,058 during this period. A photo-
graphic record of this transition from steady burning to blow-out
is shown in figure 1l. During the deceleration that followed, the
fuel-air mixture started to burn outslide the unit and continued to
burn outside until 48.2 seconds, when the combustion-chamber-iniet
velocity had decreased to a value that allowed efficent combustion
to resume. The resulting inocrease Iin heat addition changed the
fuel-alir ratio to approximately 0.075 and rough explosive burning
of approximately 50 cycles per second started, as shown in the
photographs covering 48.3 to 50.5 seconds. At approximately
50.6 seconds, blow-out recccurred and the unit decelerated unitil
impact. The rich instability and blow-out occurred at fuel-air
retios of 0.058 and 0.075 with corresponding pressures of 3000 and
3800 pounis per square foot and temperatures of 625° and 650° R,
respectively. The blow-out of unit D-4 at 41l.1 seconds ocourred
at combustion-chamber-inlet conditions under which unlts D=2 and
D-3 had burned setisfactorily. This blow-out at a fuel-air ratio
of 0.058 was apparently caused by the opening of the third set of
fuel nozzles at 40 seconds, which produced & temporary locael
enrichment (fig. 9(b)).

The total-pressure recovery across ‘the diffuser is showm to
decrease at a constant-free-gstream Mach number with a decrease in
heet sddition in figure 12. The lines of constant total-temperature
ratio were faired from date points for the four units considered
herein. For example, at a free-stream Mach number of l.2, the
diffuser total-pressure recovery decreased from approximately 0.92
to 0.89 with a decrease in gas total-temperature from 4.0 to l.2.

IS T
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The lower values of heat additlon resulted in diffuser-outlet con-
ditions of higher velocity, lower static pressure, ani a reduction
in total pressure necessary for mass continulty. When sonic or
supersonlc veloclty existed at the diffuser inlet, this reduction
in total pressure was made possible only by the presence of & nor-
mal shock within the diffuser with its accompanying total-pressure
loss. With a gas total-temperature ratio of 1.0, the transition
from internal subsomic flow to internal supersonic flow occurred
at a free-stream Mach number of approximately 0.65; whereas a gas
total-temperature ratio of 4.0 maintained internal subsonic flow
at free-stream Mach numbers up to 1.70 and would continme to do so
up to & free-stream Mach number of approximately l.9. The dif-
fuser total-pressure recovery wes 0.89 at a gas total-temperature
ratio of 4.0 and & free-stream Mach number of 1.70; thus only &
3-percent loss 1n pressure recovery was sustained when the Mach
number wes increased from 1.2 to 1.7 at & gas total-temperature
ratio of 4.0

The variation in net-thrust coefficlent (defined as the total
change in momentum of fuel and air flowlng through the ram Jet
divided by the maximum cross-sectional area and the free-stream
dynemic pressure) with free-stream Mach number and gas total-
temperature ratio is shown in figure 13. A maximum thrust coef-
ficient of 0.88 observed for the four units occurred at a free-
stream Mach number of 1.5 and a gas total-temperature ratio of
4.6, At a gas total-temperature ratio of 4.0, the thrust coef-
ficient increased from approximately 0.26 to 0.79 when the Mach
number increased from 0.7 to 1.70, .

The varlation of extermal drag coefficlent with free-stream
Mach number and gas total-temperature ratio is shown in figure 14.
The external drag has been defined as the total change in momentum
of the air flowing outside the ram-jet unit and therefore includes
the addltive drag at the diffuser inlet as well as the total exter-
nal drag on the shell and the fins., Thus & heat addition sufficlent
to alter the extermal-flow comditions forward of the diffuser inlet
would change the extermal drag cocefficlent because of the éffect
on additive drag. A line has been drawn through the data that are
believed to represent minimim drag. This minimum drag would result
from heet addlitions at or below a critical value that would allow
‘the maximum possible air flow through the unit. This critical heat
eddition would vary from a gas total-temperature ratio of 1.0 at
a free-stream Mach number of approximastely 0.65 to'a gas total-
temperature ratio of 3.45 at a free-stream Mach number of 1.8. The
mninimum drag coefficient Increased from approximately 0.10 at sub-
gsonic Mach numbers to a peak value of approximately 0.36 at a Mach

YOONELDENT AL
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nuber of l.23. At Mach numbers of 1,73 and 1.77, minimum drag
coefficients of approximately 0.23 were observed with a heat
addition less than critlcal. A maximum drag coefficlent of 0.40
was observed at a Mach number of 1.26 wlth & gas total-temperature
ratio of 4.7.

SUMMARY OF RESULTS

From the data obtained during free-flight Investigations of
four l6-inch-dlameter supersonic ram-jet units over a range of
free-stream Mach numbers from 0.49 to 1.78, combustion-chamber-
inlet Mach numbers of 0.1l to 0.36, and gas total~temperature ratios .
between 1.0 and 6.1, the following resulte were observed:

l. Iean combustlion Instabllity and blow-out were encountered
with two of the unlts. Blow=-out of unlt D-2 occurred at fuel-gir
ratios of 0.04 and 0.032 with combustion-chamber~inlet pressures
and temperatures of 950 and 6600 pounds per square foot and 480°
and 780° R, respectively. Blow-out of unlt D=3 occurred at a
fuel-alr ratio of 0.032 and combustion-chamber inlet pressure and
temperature of 9400 pounds per square foot and 805° R, respectively.

2., Rich combustion Instability and blow-out were encountered
with unit D-4 at fuel-alr ratios of approximately 0.058 and 0.075,
wlith combustion~-chamber-inlet pressures and temperatures of 3000 and
3800 pounds per square foot and 625° and 850° R, respectively.

3., Peak combustion efficiencies of 88 and 78 percent were
observed for units D-2 end D-3, respectively, at a fuel-air ratio
of 0.04 and combustion-chamber-inlet pressures, temperatures,
and velocities of 6000 and 8800 pounds per square foot, 750° and
780° R, 308 and 306 feet per second, respectively. ’

4, At a free-stream Mach number of l.2, the dlffuser total-
pressure recovery decreases from approximately 0.92 to 0.69 with
a decrease in gas-total temperature ratio from 4.0 to 1.2. At
a frese-gtream Mach number of approximately 1.7 and a gas total-
temperature ratic of 4.0, the diffuser total-pressure recovery
was 0.89.

5. At a gas total-temperature ratio of 4.0, the thrust coef-
ficient increased from 0.26 to 0.79 when the Mach number increased
from 0.70 0 1.70. The maximum thrust coefficlent of 0.88 was
observed at & free-stream Mach number of 1.5 and a gas total-
temperature ratio of 4.8. The meximum net acceleration (excluding
gravity) attained was 5.13 g's at a Mach number of 1.77,

———EERENRIAL
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6. The average minimum values of external drag coefficient
varled from approximately 0.10 at free-stiream Mach numbers of 0.65
to 0.90 to approximately 0.36 at a free-stream Mach number of 1.23.
Near design conditions at s free-stream Mach number of 1.77, a
wminimum drag coefficient of spproximately 0.23 was observed.

lewls Flight Pi'opulsion Iaboi'a'bory,
Netional Advisory Committee for Aeronautics,
Cleveland, Ohio
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Flaure 1. - Supersonlc 16-inch ram-Jet wnlt wmounted bensath airplane wing.
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